The on-load tap changer (OLTC) switching arc will affect the life of the contact, so it is necessary to test its working condition. Based on DQ coordinate transformation, fundamental wave component extraction, and wavelet algorithm, proposed an OLTC arc detection method based on energy conservation theory in this paper. Used the fundamental wave component extraction algorithm extracted the transformer excitation parameters, and established the OLTC equivalent circuit by combining the Habedank arc model. Compared the differences between the follow effect and frequency calculation of simulated and measured waveforms, which were caused by the five orthogonal transformation algorithms, including Transport-Delay, Hilbert Transformation, Inverse Park Transformation, SOGI and Improved SOGI. The DQ coordinate transformation based on the Transport-Delay orthogonal converter is determined to calculate the active power of each part of the circuit. According to the principle of energy conservation, obtained the data of arcing loss under nine simulated conditions. Based on the simulation circuit, built the OLTC prototype and dSPACE hardware in loop simulation platform, and measured three load conditions. The sampling signal was filtered by the wavelet algorithm. Considering the measurement and calculation errors, the simulation and measured results show that the actual arcing power has a consistent change with the calculated value between different working conditions, and the maximum difference between simulation results and measured results is thirty times and ten times. It can distinguish the difference of arcing energy of diverter switch under different working conditions and has the measurability. Meanwhile, it verifies the effectiveness of this study, hoping to provide a theoretical basis for developing OLTC on-line contact detection system.
I. INTRODUCTION
The power quality problem of distribution network becomes more and more obviously with the diversity of power supply structure and load. In the 10∼35kV level, the regulating transformer with the on-load tap changer (OLTC) becomes the basic configuration. As an accessory equip-ment, OLTC is required to have high reliability, so it needs to be off-grid maintenance and overhaul. OLTC tester is used to measure the equipment parameters, sacrificing the reliability of power supply. Therefore, the research of OLTC online status monitoring has become a hot spot.
References [1] aimed at OLTC used in aerospace system power grid, carried out the spectral analysis of switching cur-The associate editor coordinating the review of this manuscript and approving it for publication was Xue Zhou . rent waveform by using empirical modal analysis and Hilbert-Huang transform, and obtained the abnormal components in current signal to realize equipment detection. The detection process is qualitative judgment without quantitative calculation and analysis [1] . Reference [2] , proposed an OLTC mechanical fault detection method based on hidden Markov model. Through the time series analysis of vibration signals, established a fault feature extraction method, and completed the training based on HMM and the establishment of the expert database, which could realize the accurate identification of OLTC faults. The average success rate of failure classification was about 95%, but the quantitative analysis of switching arc loss was not reflected [2] . Reference [3] used the method of dynamic time warping to analyze the mechanical state of OLTC, and forms an energy matrix by synchronizing vibration signals, Fourier transform, etc., VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ and identifies the differences of different vibration signals through characteristic parameters, to complete fault identification. The fault identification effect could reach 100%, which also did not involve the calculation process of arcing loss. Similar vibration signal analysis can be found in [4] , [5] . Reference [6] combined vibration signal with an acoustic signal, and proposed the analyzing method of OLTC vibration acoustic signal by the Savitzky-Golay filter, to obtain OLTC working status and arcing information. This method could only qualitatively calculate the arc position information and did not calculate the arcing energy quantitatively. Similar in [7] , [8] analyzed the acoustic signals of OLTC working process by discrete wavelet method, obtained the frequency and energy spectrum of different switching points, and qualitatively judges the working condition of the contact. Reference [9] calculated the instantaneous differential power of transformer terminal and obtained the OLTC arcing power, to realize the detection of contact state. The calculation process needs to use the voltage across the switch, and the actual measurement process is difficult for the actual equipment.
The arc model used in the simulation is difficult to keep consistent with the actual switching arc, and the contact wear threshold has a large fluctuation, so the parameters are not easy to determine. Also, the difference of the algorithm results under different load conditions is not considered in the measured process.
There are other detection methods, including measuring the oil temperature and dissolved gases, reflecting abnormal arcing, etc. [10] , [11] . However, the numerical calculation of switching arc energy was not targeted.
The existing OLTC online monitoring used electrical or non-electrical sensing elements to obtain state signals such as acoustic, optical and vibration of OLTC in the working process indirectly. Most of them belonged to the qualitative judgment of the equipment state, which was not capable of quantitative calculation of the contact arcing power. Moreover, the system structure was complex relatively, and there were larger interference factors in the measured signal, which affected the detection effect. It needs to be optimized.
Base on [9] , this paper further studies the monitoring method of switching arc energy based on the principle of energy conservation and increases the actual measurement calculation under different load conditions. By comparing arcing information before and after switching, the severity of loss caused by arcing can be understood indirectly, which can be used as an auxiliary basis to judge the working condition of diverter switch contact, and realized online monitoring of OLTC switching arc and mechanical contact working condition.
II. PRINCIPLE AND STRUCTURE
The basic principle structure of the research is shown in Fig.1 , where U 1 , I 1 , U load , I load is the transformer input voltage, current and load voltage, current respectively. P 1 is input power of transformer, P 2 is load consumption power, P m is transformer excitation resistance power, P Rσ is transformer dc resistance consumption power, P R1R2 is OLTC transition resistance loss.
The whole structure includes the transformer system, acquisition storage unit, algorithm unit, computing unit and expert database. The acquisition storage unit is responsible for the transformer input and output current and voltage signal sampling and storage. Algorithm unit complete the coordinate transformation and getting active component parameters, using switching key point identification algorithm to get a half-bridge and bridge range information. Computing unit can realize the active power distribution transformer system calculation, to get the diverter switch arcing power loss data, which can be used as the data source or comparison data of the subsequent expert system database, to indirectly determine the working conditions of mechanical contacts. This paper mainly completes the acquisition storage, algorithm and calculation, the expert system not mentioned for the time being.
In the calculation process, regarding the voltage regulating transformer and load as a unified system with the same reference voltage. On this basis, it is meaningful to carry out DQ coordinate transformation, which can be used for mathematical calculation of the d-axis component, meeting the theoretical requirements.
III. EQUIPMENT SYSTEM STRUCTURE AND MODE-LING A. OLTC TOPOLOGY OF THE PROTOTYPE
The equipment prototype of this study, referring to a domestic OLTC product, is shown in Fig.2a . S 1 ∼S 3 are transformer winding taps, K is the main switching contact, K 11 and K 12 are transition contacts, and R 1 , R 2 are transition resistance. Under normal conditions, K, K 12 are connected with S 2 , and K 11 is suspended. According to the up or down timing sequence, the tap switching is completed. The arcing positions of K and K 12 are marked in the Fig.2b . To study the applicability of energy conservation in the OLTC switching process, a simulation was carried out in the early stage which could analyze the energy distribution of the system during the switching process.
B. MODELLING AND SIMULATION ANALYSIS
The arcing of OLTC equipment is the same as other switchgear with uncertainty, which makes the arc modelling difficult. This study did not focus on the accuracy of the arc model, but only on the measurability of switching arc power. Therefore, setting the arc model as a fixed parameter tentatively, the measurability of arcing power value under this parameter was investigated, and ignored the deviations between simulation results and subsequent measurements.
The equivalent circuit of the simulation model was established according to the prototype structure of the equipment, as shown in Fig.3a . Due to the limitations of the conditions, the model used five switches K 1 ∼K 5 to replace the original mechanical contacts of K, K 11 and K 12 . The model used autotransformer, w 1 and w 2 are series winding and common winding, respectively. A and B are two taps, respectively, and U 1 is the power supply voltage. V 1 and V 2 respectively measured transformer winding voltage and load voltage, A 1 and A 2 respectively measured system injection transformer current and load current.
To ensure the equivalence with the real equipment, set the working sequence of the model as shown in Fig.3b . K 1 ∼K 5 represents the action sequence of five switches, with the high level being closed and low level opened. According to the original equipment parameters, the timing sequence of five switches was set as t 1 = 0.0199s, t 2 = 0.015s, t 3 = 0.0301s, t 4 = 0.0259s, t 5 = 0.026s, t 6 = 0.017s, and t 7 = 0.020s.
C. MODEL WORK EQUIVALENT CIRCUIT
The power variables in Fig.1 are distributed during the switching process. To obtain the values of the power loss distribution in each stage, the equivalent circuit of switching should be analyzed, added the values of each stage together to get the power loss in the whole switching process, and then the arcing loss was gotten. According to the timing sequence, the switching process is equivalent to six circuit models. See Fig.4 .
Where, R 1//2 is the transition resistance parallel value; Z m , Z w1 , Z w2 are respectively the transformer excitation impedance, w 1 leakage impedance, w 2 reduced leakage impedance; I 1 , I 0 , I w1 , I w2 , I w , I r1 , I r2 , I 1//2 , I load are respectively the total current excitation current, w 1 current, w 2 current, total winding current, R 1 current, R 2 current, parallel transition resistance current and load current.
The output power of the power supply is:
The power consumed by the load is:
where P 1 , Q 1 represents the total active and reactive power of the regulating transformer; u d1 , i d1 is the d-axis component of u 1 and i 1 ; u q1 , i q1 is the q-axis component of u 1 and i 1 ; P 2 , Q 2 is the active and reactive power of the load; u d2 , i d2 is the d-axis component of u load and i load ; u q2, i q2 is the q-axis component of u load and i load . The voltage of transformer step winding is u step , the dc resistance of the transformer is R σ , and the excitation impedance of the transformer is R m and X m , respectively, taping winding voltage is u w1 , u w2 respectively, The transition resistance of OLTC is R 1 , R 2 , and the corresponding power loss is P R1 and P R2 respectively. Among the above parameters, u 1 , i 1 , u load , i load is the direct measurement parameter, which can be obtained through PT and CT, get u step from measured data or manufacturer data, and the rest are indirect calculation parameters.
The equivalent circuit (1) corresponds to the time series t 1 interval, K 1 and K 2 closed, K 2 branch is short connected by K 1 branch. The winding voltage of the transformer is u 1 , the difference between P 1 and P 2 should be the excitation loss:
The equivalent circuit (2) corresponds to the time series t 2 interval, K 1 ∼K 3 are closed, R 1 is short connected by K 1 branch. The losses in the loop include R m , R 2 and R σ :
where, P R2Rσ is the sum losses of R 2 and R σ . The equivalent circuit (3) corresponds to the time series t 3 interval, K 2 , K 3 are closed, and OLTC is in bridge state. The losses in the loop include R m , R σ and R 1 , R 2 . Because the leakage reactance of the transformer is small, its influence is ignored :
where, P R1R2Rσ is the sum of power consumed by R 1 , R 2 and R σ . In this stage, R 1 , R 2 and R σ constitute the resistance network, and its equivalent resistance is:
are dc resistors of two windings, respectively, and R w1σ : R w2σ = 1:1.
The equivalent circuit (4) corresponds to the time series t 4 interval, with only K 3 is closed and OLTC in R 2 half-bridge state. The losses in the loop include R m , R σ and R 2 :
The equivalent circuit (5) corresponds to the time series t 5 interval, with the closure of K 3 and K 5 . The losses in the loop include R m , R σ and R 1//2 :
The equivalent circuit (6) corresponds to time series t 6 interval, and K 3 ∼K 5 are closed. The losses in the loop include R m and R σ , which is consistent with the interval loss of sequence t 7 :
According to energy conservation, the transformer input power should be consistent with the sum of load loss, transformer body loss and OLTC power consumption, that is: (10) where, P loss is the total power loss of transformer system, P m , P Rσ , P R1R2 are equivalent to the total loss during the switching, and P deltRarc is the arcing power of OLTC diverter switch, which can be obtained by calculating the power difference of the transformer system:
where, P 1 and P 2 could be obtained by calculating the sampled signal, and the power losses of the other three are the results after adding up the calculated values at each stage, which can be calculated by the formula (1∼9). So far, realized the calculation of arcing loss based on power conservation by analyzing the equivalent circuit of switching. All parameters were obtained through sampling and actual measurement calculation.
Since the parameters to be tested have low realtime requirements, the requirements can be met through 'ex post calculation'. Therefore, the early simulation verification was completed under the upper computer, mainly focusing on the feasibility of arcing energy calculation. Based on simulation, used the dSPACE platform to complete the analysis and calculation of the sampled signal and realize the online detection research.
D. ELEMENT MODEL
(1) Transformer model establishment. It was necessary to determine the transformer parameters by measuring the experimental equipment and used the no-load test and short circuit test to obtain the excitation parameters and leakage resistance impedance parameters. To simplify the calculation process and facilitate the modelling, extracted the resistive active component parameters and inductive reactive component parameters to determine the excitation parameters. There were many harmonic components in the test waveform, which filtered by the fundamental wave component extraction algorithm. As shown in Fig.5 , is the no-load current original signal and fundamental wave component signals.
The mean square relative error was used to calculate the extraction accuracy [12] , [13] .
where, L is the signal length, i(t n ) and i C (t n ) are the original signals and calculated signal respectively, t n = nT s (n = 1,2,3... L), T s is the sampling period. This equation can describe the relative deviation between the fundamental wave component and the original signal, which is 2.82E-1. On this basis, DQ decomposition of fundamental wave data was performed to calculate excitation impedance parameters of the transformer under no load.
where,
represent the active and reactive components of system voltage and current. By calculating the R m = 1210 , X m = 61.89 , R σ ≈ 1 ∼ 2 .
(2) Diverter switch model establishment. The description model of arc diverter switch needs to be established. According to reference [14] - [16] , the black-box arc model was suitable for circuit simulation and easy to solve, but the model parameters were uncertain. According to the above analysis, the purpose of the simulation was to verify the measurability of switching arc power, and only highlight the existence of arc. Based on qualitative research, then the quantitative problem was considered. Therefore, the deviation of the blackbox arc model parameters was ignored for the time being. In Fig.2b , set the K 1 , K 2 corresponding to the down switching and K 4 , K 5 corresponding to the up switching as arc switch models, and the other switches were arc free switches. To be consistent with the follow-up measurement process, the arcing medium is air. Considering the characteristics of air medium arc, and meet the requirements of current peak and zero-crossing arc characteristics, Habedank model with the characteristics of Cassie and Mayr models was selected as the switching arc model, [17] . This model was described as:
where 
IV. ANALYSIS OF ALGORITHM
After obtaining voltage and current measurement parameters, Used the DQ coordinate transformation algorithm to get active component parameters of d-axis. To improve the accuracy of the transformation results, it is necessary to cooperate with the fundamental wave component extraction and filtering algorithm.
A. DQ COORDINATE TRANSFORMATION
According to the research idea, completed the active power calculation of the system. Therefore, DQ coordinate transformation method was used. In a single-phase system, the Transport-Delay, Hilbert Transformation, SOGI and other algorithms could be used to construct the two orthogonal quantities of u α , u β [18]- [20] . Compared the differences of algorithms, five methods, namely Transport-Delay, Hilbert Transformation, Inverse Park Transformation, SOGI, and Improved SOGI were respectively tried to construct orthogonal vectors.
(1) Transport-Delay. Assuming the original signal was u s = u m sinωt, take it as u α , then u β = u m sin(ωt − π/2) can be obtained through a backward phase shift. This algorithm had a simple structure, but no filtering function, and needs to assist other filtering algorithms.
(2) Hilbert Transformation. The frequency amplitude characteristic of Hilbert Transformation was one, which could realize the isamplitude orthogonal transformation of the signal, was expressed as:
where, x(t) is continues signal, x(t) was transformed signal, It could be regarded as a filtered signal with impulse response of h(t) = 1/π. When the input signal is u s = u α = u m sinωt, and the output u β = −u m cos(ωt), the orthogonal transformation was achieved.
(3) Inverse Park Transformation. This method utilizes the principle that two coordinate transformation algorithms work complementary. The structure is shown Fig.6 , u s is a singlephase signal, which, as an α phase, enters the Park transformation unit together with the phase-locked θ and the β phase output of the algorithm. The output DQ phase, after first-order filtering, enters the inverse park transformation unit, the αβ phase output, and the u q enters the phase-locked loop, generating phase-locked θ. After dynamic closed-loop regulation, the output signal tends to be stable.
Because the harmonic component will appear in the signal transformation process, it is necessary to add the filtering algorithm. The expression is 1/(ps + 1), which can be expressed as p =0.002 during the test.
(4) SOGI. This algorithm is a second-order generalized integral algorithm. Fig.7a is a schematic diagram.
The integral realizes Clark transformation of single-phase signal, and each parameter is defined as u s is the original signal, u α , u β are the original signal corresponding to the αβ shaft signal, And u α is synchronized with u s , ahead of u β 90 • , ω 0 is the angular frequency of the network side, k is the bandwidth coefficient, which can be adjusted to calculate signals of different frequencies. The transfer function of each link is: When ω 0 is the power frequency angular velocity, the dynamic characteristics of the algorithm can be realized by adjusting the coefficient k. Assuming u s = u m sinωt, then in the time domain:
where, ϕ = arctan( k/2 √ 1−(k/2) 2 ). The value of bandwidth coefficient k affects the response speed of the system, and the empirical value of 1.5 could be taken.
(5) Improved SOGI. After the difference between the original signal and the output α phase of SOGI algorithm, the harmonic component in the original signal is obtained, which is removed by filtering to get the dc offset, and then it is subtracted from the β phase parameters to realize the filtering effect on the β phase parameters. The structure is shown in Fig.7b . The filter design can refer to the filter parameters in the Inverse Park Transform algorithm.
The αβ parameters obtained by the above method can realize Park transformation in combination with phase-locked θ, and the phase-locked loop can adopt PI adjustment algorithm, with the structure shown in the Fig.8 . Phase lock angle is captured by PI adjustment, in the case that axis d is ahead of the coordinate system of axis q, θ is the phase lock angle, and when the phase lock is complete, ωt = θ, or u q = 0. u q is connected to the PI regulator, and the change in u q will lead to the same change in ω, and then the same change in θ after integration,
The above five orthogonal converter algorithms were simulated and analyzed. According to Fig.3a , established OLTC simulation model and experimental circuit, and obtain the system current signal and corresponding dc component. The simulation and measurement data were shown in the Fig.9 . Each switching point can be identified by the algorithm, which is consistent with Fig. 3b .
All the algorithms could follow the amplitude of the sampling signal with good effect. The d-axis component obtained by the Transport-Delay and Hilbert Transformation has good dynamic adjustment performance. Other algorithms show the obvious transition process for the current mutation information at each switching point, and the Inverse Park Transformation is the most serious one. Only the Transport-Delay could lock the signal amplitude of each switching interval, and all other algorithms have overshoot.
The Fig. 10 shows the frequency calculation results of the simulation and measured of each algorithm, respectively. The fundamental frequency is 50Hz, and the measured waveform contains certain harmonic components.
The relative errors between the d-axis component and the actual amplitude of the original signal obtained by the Transport-Delay, Hilbert Transformation and the Inverse Park Transformation were calculated, which are 4.40%, 4.76% and 4.71% respectively. Numerically, the three algorithms had similar computing errors. In this study, the fundamental component was extracted before DQ transformation to eliminate the pulsation component of d-axis component. Therefore, the Transport-Delay with relatively good amplitude following effect was selected for the follow-up study.
B. FUNDAMENTAL WAVE COMPONENT EXTRACTION
When there was (inter) harmonic in the original sampling signal, d and q axis components will contain pulsating components, generating deviations in the calculation and requiring filtering processing, used Fourier algorithm, Kalman filtering algorithm and adaptive filtering, etc. The Space lest mean square algorithm was used to extract (inter) harmonic parameters, and compared with Prony, DFT, windowed DFT and other algorithms, [12] . The waveforms of arc furnace and frequency converter were analyzed by Prony algorithm, [21] . Wavelet and Prony algorithms were used to reconstruct the signal and evaluated their advantages and disadvantages, [22] .
Considering the rapidity and universality of the algorithm, the improved 3-point Fourier algorithm was adopted for transformer parameter calculation. Based on a discrete signal sequence, the signal spectrum distribution was constructed as follows:
where, X a (n) is a fundamental spectrum sequence, n is the ordinal number of sampling points, N is the sampling points, ϕ is the signal phase, k 1 is the adjacent spectrum line of fundamental frequency k, k = k 1 + γ (γ ∈ (0, 1)). |n − k 1 − γ ||(n − k 1 − γ ) 2 − 1| in the reconstructed spectral line can accelerate the frequency attenuation rate. When the amplitude of k 1 and k 1 + 1 is assumed to be the largest, there is:
where, f is the sampling frequency, and k max is the maximum spectral line number.
C. WAVELET FILTERING
In order to reduce the interference of sampling noise to the original signal, required noise suppression before and after DQ transform of the original signal. By comparing the filtering effect of different wavelet basis functions, the commonly used wavelet threshold denoising method was adopted. Used Db6 wavelet basis function to decompose the original signal in ten layers, and adjusted the threshold value according to the decomposed noise at each layer by using optimized predictive variables Heursure rules. 
V. SIMULATION VERIFICATION
Three kinds of arc model parameters were set in the simulation, which could produce the arcing process. Each arc parameter corresponds to three loads, a total of nine conditions, as shown in Table 1 . Take the down switching simulation as an example, and set the step size to 50µs, the transition resistance as 10 , u w1 = u w2 = 155 V.
A. SIMULATION RESULT
(1) R load. Taking the arc parameters in working condition two as an example, the active components of the system and the load voltage and current d-axis are obtained, as shown in Fig.12 .
The interval time information of switch action can be easily obtained by d-axis component waveform. Moreover, due to the large parameter setting of the arc model, both K 1 and K 2 switch action positions have a serious transition process, which can reflect the arcing process indirectly. Since the equivalent circuits of t 6 and t 7 are the same, the switching points of the two intervals cannot be determined, which has no impact on the research.
According to equations (1) ∼ (11), the waveforms of P 1 -P 2 , P m , P Rσ , P R1R2 and P deltRarc obtained by calculation are drawn as shown in Fig.12a . P deltRarc is the difference between P 1 -P 2 and P m + P Rσ + P R1R2 , which is enlarged as shown in Fig.12b . Except for the K 1 and K 2 , the other four power differences should be zero. However, due to the suddenly change of voltage and current signals at various stages, the DQ transformation algorithm needs to rephase lock the voltage component, and the transient component caused by the delay generated in this process produces deviations. Therefore, when the all switches in the model are arc-free switches, there is still a power spike deviation at positions 1∼6.
To determine the relationship between peak and arcing power at the K 1 and K 2 breaking points concerned. The actual arcing power P k1arc and P k2arc are compared with Fig.12b,  FIGURE 13 . Simulation waveform of arcing power and difference at K 1 , K 2 (R). which is expressed by the product of the voltage at the switch end and the conduction current. See Fig.13 .
At the breaking point of K 1 , the waveform of P deltRarc and P k1arc rises at the same time, and the process coincides. The calculated power difference at K 2 breaking point is consistent with the actual arcing power. The values of arcing power and energy in the two places are shown in Table 2 . Arcing energy is the integral value of arcing power in the arcing interval.
(2) RC load. Based on the d-axis components of each parameter, the power difference calculated at the position K 1 , K 2 and the actual arcing power curve are obtained, as shown in Fig.14. Similar to the results in the upper working condition, the calculated arcing power at the K 1 breaking point is large, and the calculated value at the K 2 breaking point is close to the actual value. The power data is shown in Table 3 .
(3) RL load. The curve of calculated and actual arcing power of K 1 and K 2 underRL load is shown in Fig.15 . Under this condition, the calculated values of arcing power at K 1 and K 2 are in good agreement with the actual values. The data is shown in Table 4 .
B. SIMULATED ANALYSIS
Simulation results of each working condition are drawn in Fig.16 . There is the actual and calculated arcing energy of the switch at K 1 and K 2 respectively.
Due to the larger switching current and change gradient of K 1 , the transient transition process of DQ transformation is more serious than that of K 2 , and the calculation deviation increases. According to the data, the position deviation of K 1 is related to the nature of the load. Under inductive load, the calculated value of arcing power is close to the actual value. The reason is that the actual arcing power is large due to the inductive load, which accounts for the main component in P deltRarc . Fig.17 and 18 respectively show the curves of P deltRarc , P k1arc and P k2arc with different loads under the other two arc parameters.
Three kinds of arc parameters determine the difference of arcing energy, as the load current is small, the actual arcing power at K 1 and K 2 breaking points under RC load is small, and the actual arcing power under RL load is larger. Under different loads, the power distribution at the K 2 breaking point has a good consistency.
VI. EXPERIMENT VERIFICATION
Based on the simulation, a mechanical OLTC prototype was set up and the experimental circuit was shown in Fig.3 . The transformer model was TSGC2J, with source input and output range of 0∼430V, S N = 20kVA, w 2 /w 1 = 1. The transition resistance and load parameters were same as the simulation, and the sampling rate was 20kHz. Due to the limitations of the conditions, ac contactor (ACC-JKC1R-32A) was used as the switching device in the experiment. As ACC has decentralized action, and there is a delay of 10∼20ms in the general on-off process, but this study has not been impacted. Since this study mainly focuses on the energy loss in the switching process, the time requirement is not strict. Took the driving board of the main control unit of TMS320F28335 as the ACC control circuit, which outputs the action sequence based on the model-based design method and controls the K 1 ∼K 5 actions through five relays on the interface board. The control timing is the same as that in Fig.3b .
The actual platform is based on dSPACE hardware in loop simulation system, and its structure is shown in Fig.19 . The experimental system includes power and measurement and calculation. The power part completes the switching action of OLTC to the transformer. The signal is introduced into the ADC interface of DS1103 board through the sampling device. The equipment used: auxiliary voltage probe (PINTECH DP100/100MHz/100:1), current clamp (Tektronix A622/100kHz/10mV/A) and oscilloscope (Agilent Technologies InfiniiVision DSO7104 A).
A. EXPERIMENTAL RESULT
According to the time sequence, a down switching was completed with a sampling time of 0.2s. The voltage and current signals of the system and load contain certain (inter) harmonic components. The waveform contains large pulsating components after the DQ transformation. By using the above wavelet threshold denoising algorithm, signal processing is carried out for the 4-way d-axis component signals. Fig.20 shows the RC load waveform. Compared with Fig.8 , the measured data have a larger pulsation component, which is related to the measured interference and calculation deviation. In the d-axis component signal, the position of each switch could still be identified, and the simulation model is reliable.
By calculating the sampling data algorithm, the system power difference and loss waveform as shown in Fig.21 . The transformer excitation resistance still takes the R m = 1210 . P 1 , P 2 , P m +P Rσ +P R1R2 , P 1 −P 2 and P deltRarc are identified in the figure.
With the range of deviation considered, P 1 − P 2 and P m + P Rσ + P R1R2 have a good coincidence, and the difference between them is the arcing loss, which is amplified into Fig.21b . There is also a large peak value at the closure of K 3 , which is preliminarily considered to be caused by the closure of K 3 . To prove that the power peak at the breaking points of K 1 and K 2 is consistent with the arcing power at the two places of ACC, measured the actual arc parameters of the switches at two positions, and the branch current and end voltage data of the switches are obtained. Meanwhile, the closed transient process of the end of K 3 is measured and compared in the figure. As shown in Fig.22 , the waveform P k1arc , P k2arc , P k3arc and the calculated power difference waveform P deltRarc of K 1 ∼K 3 are shown.
It can be seen from the figure that the difference between the measured arcing power and the calculated power difference of the energy consumption model in the three places is partially consistent, but the phase and amplitude between waveforms are greatly deviated due to sampling and other factors. The arcing process does exist at the closure of K 3 , confirming the previous hypothesis. The power data is shown in Table 5 .
B. CONTRASTIVE ANALYSIS
For the convenience of analysis and comparison, the calculation and actual arcing energy of K 1 and K 2 under three load conditions are drawn in Fig.23 .
Due to sampling, calculation and other factors, the actual and calculated values of arcing energy at the K 1 and K 2 breaking points have certain deviations. However, the calculated results are similar to the actual data distribution, and the calculated results can be distinguished under different conditions with the largest difference between the data is about ten times the order of magnitude, and the smallest is about one time. Through analysis of multiple measured, it is shown that the data distribution of each switching calculation is relatively concentrated under the same load, and the change of arcing power and energy caused by load change or abnormal contact can be determined through the change range of quantity, to play the role of monitoring and measurement.
The arc model is a customized parameter, which is not an accurate model of ACC, so there are differences between the model and the measured results. Also, different calculation step sizes also lead to the existence of differences. However, the author believes that it does not affect the development of this study. Both the simulation and the measured results can be analyzed independently without forced comparison. The actual results show that the difference of arcing power and energy under different working conditions is distinguishable and within the measured range, which can be used to identify switching conditions. Therefore, this research scheme is meaningful.
VII. CONCLUSION
To realize the measurement of OLTC switching arc parameters, based on DQ coordinate transformation, fundamental wave component extraction and wavelet algorithm, this paper proposes an OLTC switching arc monitoring model based on energy conservation theory, and obtains the following conclusions:
(1) The simulation model was established, and the parameters of arc with different load and different arc parameters at K 1 and K 2 breaking points were calculated. In different working conditions, the calculated arcing power changes by the actual value. Under inductive load, the calculated value of arcing power was close to the actual value. The maximum difference of calculated value between different loads was thirty times of magnitude. Arcing power can be distinguished and identified.
(2) According to the simulation model, a laboratory OLTC prototype and dSPACE hardware in loop simulation platform were built to complete the measurement and calculation of three kinds of load switching. There were differences between the arcing power calculation and the actual value, but the variation trend of different working conditions was consistent and the calculated value of differrent loads varied by a maximum of ten times, which could be distinguished.
(3) The integration of measured sampling step and filtering results in the difference between simulation and measured data. However, independent analysis shows that both of them met the measurable conclusion of arcing power, which could reflect OLTC switching contact condition and transformer system power loss indirectly, and verify the effectiveness of this method. 
